Abstract-We present a novel semi-analytical method for modelling the resonances of photonic crystal surface emitting lasers (PCSELs) using modal index analysis. This method shows very good agreement with other modelling techniques in terms of zone centre mode calculations, with the added advantages of computational simplicity, calculating threshold gain, incorporation of spatially and spectrally dependant gain, and rapid analysis of finite structures. We are able to model the effect of external lateral feedback and simulations indicate that the near-field peak can be electronically displaced, paving the way to beam steering.
I. INTRODUCTION
There has been significant recent interest in photonic crystal surface emitting lasers (PCSELs) and they have been extensively studied both experimentally, and theoretically for over a decade [1, 2] . With high single mode power, low divergence [3] , wavelength and polarisation [4] control being demonstrated. There has been a particular focus on increasing the output power of individual elements through photonic crystal design [5] .
Plane wave expansion (PWE) [6] , finite difference time domain (FDTD) [7] , and coupled mode theory (CMT) [8] models have been widely used for analysing the photonic crystal (PC). These techniques, although very powerful in some aspects, require either considerable computing resources, or are mathematically intensive. These two constraints often prohibit the simulation and design of complex PCSEL devices. Recently, we showed that coherent 2D PCSEL arrays may be readily realised [9, 10] , and that in-plane feedback significantly modifies the operating characteristics of a PCSEL [11] . There is therefore a need for models that allows advanced PCSEL device simulation.
In this paper we describe an alternative model based on modal indices analysis (MIA) in combination with modest computation to establish the resonant modes in a rectangular geometry 2-D PC structure. Our approach is to realise a model that has low computational and mathematic overhead, allowing us to rapidly analyse finite size periodic structures (allowing future extension to temporal analysis), determine threshold gain, and incorporate spatial and spectral variations in gain.
II. MODEL DESCRIPTION
A rectangular co-ordinate system ( , , )
x y z is used throughout, consistent with the rectangular device geometry, shown schematically in 
The 2-D periodic structure is first considered as a piecewise-constant multilayer structure and the characteristic modes propagating along the z-axis with the corresponding mode indices are evaluated using the transfer matrix (TM) method. This multilayer structure is replaced by a homogeneous medium of effective modal index , eff m . Then, discontinuities along the zaxis corresponding to the PC structure are introduced as a periodic grating with unit cell , 
pairs. Optical gain can be included via the imaginary part of the refractive indices for the identification of lasing modes. Band edge (lasing) modes obtained by MIA are in excellent agreement with those calculated using PWE over the full range of PC fill-factor (Fig. 2) . In addition to accurately predicting the zone-centre band structure, the spatial mode is also well reproduced, in agreement with CMT simulations. Significantly, the simulation provides gain thresholds for the lasing modes, which is not readily determinable from other techniques. Figure 3 shows the simulation of a PCSEL device subject to in-plane feedback from cleaved facets at the PC boundary. Column I shows far-field patterns simulated using the MIA technique. Column III shows experimental data reported previously [11] . By comparison to experiment, a significantly narrower farfield pattern is observed in simulation. Column II shows the data from column I convoluted with a Gaussian function (mimicking fabrication imperfection). The simulation reproduces much of the character of the experimental data, in particular reproducing the increase in far-field angle and asymmetry of the beam for 1 feedback facet. We also find excellent agreement in the reduction of lasing threshold (~30% reduction on the addition of one feedback facet, no further reduction for 2 nd feedback facet). Additionally, the simulation shows that the peak in the near-field pattern is displaced, opening the route to all-electronic beam steering.
We will go on to explore the effect of a range of design parameters to PCSEL devices, including varying facet phase, PCSEL size, gain modulation, and opportunities for the model to be applied temporally.
IV. CONCLUSION
In this work, a novel, modal index analysis method has been presented for analysing PCSEL devices. The computation process is based on wave propagating in periodic multilayer media which is quasi-analytic and hence computationally fast. The comparison with numerical and experimental results shows such method yields very reliable results. 
